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ABSTRACT Microgrid transition between standalone and grid-connected modes is a promising alternative
to provide the grid with increasing flexibility and availability. However, transition smoothness relies heavily
on control topologies and corresponding parameters, which thus remains challengeable. Existing microgrid
transition strategies have two major deficiencies: 1) Inverter control mode alters subjected to microgrid oper-
ating mode, for instance, the inverter in current control will switch to voltage control when microgrid
disconnects to the utility grid; 2) Controller parameters are selected based on practice and experience, where a
systematic and efficient approach does not exist. Motivated by these limitations, in this paper, an autonomous
control strategy is proposed for microgrid smooth state transitions. It is highlighted in the following aspects:
1) The cascaded control strategy enables smooth state transition within a single control structure, which
permits controller independent of mode switching; 2) Nonlinear-Simplex based algorithm is interfaced with
electromagnetic transient simulations, searching for optimal controller parameters in order to minimize
voltage deviation in a chain of microgrid events. The effectiveness of the control framework is validated
with simulations in PSCAD/EMTDC and RTDS.
INDEX TERMS Microgrid control, parameter tuning, stability analysis, state transition.
NOMENCLATURE
ACRONYMS
CC-VSI Current controlled – voltage source inverter
DG Distributed generator
EMT Electromagnetic transient
GSI Grid side inverter
MPPT Maximum power point tracking
OEM Original equipment manufacturer
PCC Point of common coupling
PI Proportional integral
PLL Phase locked loop
PR Proportional resonant
PV Photovoltaic
PWM Pulse width modulation
RSC Rotor side converter
The associate editor coordinating the review of this manuscript and
approving it for publication was Giambattista Gruosso .
RTDS Real-time digital simulator
SMIB Single machine infinite bus
THD Total harmonic distortion
VC-VSI Voltage controlled – voltage source inverter
PARAMETERS
Rf , Lf , Cf Resistance, inductance and capacitor of
LC filter
Rc, Lc Resistance and inductance of an
autonomous DG connecting to PCC
Rg, Lg Equivalent resistance and inductance of the
grid
VARIABLES AND MATRIX
iiαβ Current flowing out of VSI on αβ-frame
iidq Current flowing out of VSI on dq-frame
iodq Current flowing out of LC filter on dq-frame
viαβ Voltage over capacitor bank on αβ-frame
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vtαβ Voltage at inverter terminal on αβ-frame
vidq Voltage over capacitor bank on dq-frame
vodq PCC voltage on dq-frame
v∗dq Reference voltage variables on dq-frame
vedq Voltage control error on dq-frame
ω Measured angular frequency of viabc
mi, ni Active and reactive power droop coefficients
ω0 Nominal angular frequency of microgrid
I. INTRODUCTION
Modern power systems have continued to witness transfor-
mation in generation, transmission and distribution. Improv-
ing the resilience of electric distribution control infrastructure
is an urgent issue, not only to reduce vulnerability to extreme
events but also to facilitate the integration of renewable
energy. Microgrid, a small-scale network containing a set
of distributed generators (DGs) and electrical loads, is an
emerging and promising solution [1]–[3].
Microgrids are anticipated to be able to transit seamlessly
from grid-attached mode to islanded mode in case of grid
events (such as transmission/distribution line fault resulting
in line outage) and reconnect once the fault is cleared [4].
Nevertheless, the smoothness of transition between these
two operational states is a challenge and calls for advanced
control strategies. Various techniques have been dedicated
on microgrid transition control. Among the options, most
existing transition control methodologies were implemented
by changing voltage-controlled voltage source inverters
(VC-VSIs) to current-controlled voltage source inverters
(CC-VSIs), and vice versa [5]–[8]. Themain drawback of this
approach is that when fault occurs and the microgrid has to
transit to islanded states unintentionally, protection devices
(e.g. current transformer, voltage transformer, relay, etc.)
need sufficient time to detect the fault, acquire data and broad-
cast new operational assignments, which leads to a blackhole
for the microgrid being uncontrolled [9]. To compensate for
deteriorated dynamic performances, some researches elabo-
rated designs to optimally reduce total harmonic distortion
(THD) [10], the output error between parallel-aligned con-
trollers [11] and small-disturbance response [12], to name
just a few. Nonetheless, these studies have limited scala-
bility and capability to be extended to a unified way of
controlling microgrid in different operating scenarios. Alter-
natively, microgrid control strategy adapting to both grid-
attached mode and stand-alone mode has been explored to
remain within a single control scheme [13], [14]. Majority
controllers in this category adopt complex nonlinear con-
trol theory to improve the efficiency, e.g. model predictive
control as in [13], which from engineering application per-
spective leads to implementation challenges. Consequently,
to authors’ knowledge, there is still a lack of generalized
microgrid transition control strategy that is compatible with
all possible operation modes.
Aside from control system improvement, controller param-
eter tuning is another issue that urgently seeks for appropriate
solutions. In industrial applications, most original equipment
manufacturers (OEMs) select controller parameters from
practice and experience in a single machine infinite
bus (SMIB) testing. With a blind view of rigorously ana-
lytical analysis, these solely tuned controllers are poten-
tially causing interaction problems in the inter-connected
area [15]. Numerous researchers have been focused on this
and developed some parameter tuningmethods [16]–[19]. For
example, [16] and [17] contribute in establishing parameter
selection theorem from controller robustness, small-signal
stability and frequency response points of view. On the other
hand, researchers have also explored on integrating advanced
mathematical techniques to select parameters. For instance,
a particle swarm optimization is implemented in [18] to
tune the virtual synchronous generator parameters. In [19],
simulation-optimization technique is applied to determine
power dispatch among DGs, which takes full consideration
of nonlinear dynamics during microgrid islanding transitions
but without complexifying the optimization problem. Yet,
among the existing literature, microgrid transient process
(i.e. state transitions including islanding and reconnecting)
has not been rigorously analyzed regarding to the controller
parameters.
To address these concerns, an autonomous strategy is pro-
posed for microgrid seamless transition in this paper. It has
two essential functionalities: 1) Control System: It is con-
figured as a cascaded structure, with inner current control
and outer voltage control. Different controllers are chosen in
correspondingly appropriate reference frames for voltage and
current control [20]. In addition, reference signals for control
variables are generated to coordinate among DGs, restore
voltage deviations and synchronize phase to grid before
reconnection. 2) Parameter Tuning: An objective function is
created, aiming at minimizing voltage deviation over micro-
grid state transitions, and the algorithm is established with
a synthetic framework considering about electro-magnetic
characteristics, analytic performance assessment and iterative
tuning process. To summarize, contributions of the paper are
mainly of two folds:
1) The cascaded control topology and the algorithm to
generate a robust set of reference signals are proposed,
which enables microgrid state transition within a single con-
trol structure and permits controller independent of mode
switching.
2) Nonlinear-Simplex based algorithm is interfaced with
electromagnetic transient simulations, searching for optimal
controller parameters in order to minimize voltage deviations
in a chain of microgrid events.
The remainder of this paper is structured as follows:
Section II elaborates on the proposed control strategy with
the state-space modelling. Followed by that, Section III
introduces the tuning algorithm for the controller parame-
ters. Section IV extends the discussion on robust stability
of the control system upon various uncertainties that poten-
tially leads to dynamic disturbances. Section V demonstrates
the proposed strategy via simulation results in PSCAD/
EMTDC. Section VI further validates it in real-time digital
142160 VOLUME 8, 2020
Y. Li et al.: Autonomous Control Strategy for Microgrid Operating Modes Smooth Transition
FIGURE 1. Comprehensive control structure with the studied microgrid system.
simulator (RTDS). Section VII discusses assumptions, limi-
tations and future work of this paper. Section VIII draws the
conclusion.
II. THE MICROGRID CONTROL STRATEGY
The overall control structure includes: 1) cascaded voltage
and current control; 2) centralized voltage restoration and
phase synchronization; 3) proportional power dispatch. The
comprehensive block diagram of the proposed control strat-
egy, as well as the electrical configuration, is presented
in Fig. 1. For the microgrid components, a constant dc-link
voltage bus, fed by rotor-side converter of type-4 wind tur-
bines, photovoltaic (PV) arrays and batteries, is assumed,
which are integrated to the ac utility grid via pulse width
modulation (PWM) controlled voltage source inverters (VSI).
To improve the power quality, LC circuit is utilized to fil-
ter out harmonics generated from electronic device switch-
ing [21]. Besides, line impedances, local loads and the utility
grid are considered and commonly connecting PCC. The
microgrid is connected or disconnected to the main grid by
closing or opening the circuit breaker shown as Fig. 1. The
breaker is configured to open following a fault event in the
grid, which in turn islands the microgrid. As the proposed
control strategy has an integrated single control structure,
inverter has no need to transit control modes upon islanding
or reconnecting. Therefore, the circuit breaker does not send
any signals to the microgrid controller and vice versa.
A. CASCADED VOLTAGE AND CURRENT CONTROL
In this part, firstly, voltage dynamics model is built in
dq-synchronously rotating coordination. Based on that,
voltage control framework is developed to decouple cross-
axis interactions and achieve zero steady-state error.
Presumably, current controller having faster dynamics and
thus having been stabilized, voltage state-space model
shall be constructed for stability analysis. Secondly, current
dynamics in αβ-stationary frame, controller principle and
state-space model are to be discussed and analyzed. Lastly,
we explicitly explain the reasons for conducting voltage and
current control in separate frames.
Referring to Fig. 1, voltage dynamics for a single DG entity
connecting to the grid can be formulated using the capacitor
banks, so that,
dvid
dt
= ωviq +
1
Cf
iid −
1
Cf
iod
dviq
dt
= −ωvid +
1
Cf
iiq −
1
Cf
ioq.
(1)
Therefore, to decouple interactions between the quadrature
axes, i.e. the terms ωviq and ωv
i
d , voltage control is orga-
nized as:
iid = k
d
p ved + k
d
i
∫ t
0
veddτ︸ ︷︷ ︸
ξdv
−ωCf viq + i
o
d , (2a)
iiq = k
q
pveq + k
q
i
∫ t
0
veqdτ︸ ︷︷ ︸
ξ
q
v
+ωCf vid + i
o
q, (2b)
where ved and veq are defined as the control error between the
reference and the measurement, expressed as:
ved = vid − v
∗
d veq = v
i
q − v
∗
q, (3)
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By implementing (2a) and (2b), voltage PI controllers
ud and uq enables to track voltage reference with zero steady-
state error.
Moreover, the stability of the proposed voltage controller
is explored by assessing eigenvalues of the Jacobian matrix of
closed loop voltage state-space model. In terms of (1), (2a),
(2b) and (3), by defining xv = [vidv
i
q]
T as the state variables,
uv = [iid i
i
q]
T as the input from the controller, dv = [iod i
o
q]
T as
the disturbance for this state-space model, and yv = [vidv
i
q]
T
as the output, open-loop dynamics for the physical microgrid
system is given as:{
ẋv = Avxv + Bvuv + Evdv
yv = Cvxv.
(4)
where the coefficient matrices are provided in Appendix.
By denoting the integral components in (2a) and (2b) as
the state variables of the state space for the open-loop voltage
controller ξv = [ξdv ξ
q
v ]T , the controller dynamics model can
be constructed as:{
ξ̇v = AKvξv + BKvxv − BKvrv
uv = CKvξv + DKvxv + RKvrv + EKvdv.
(5)
Refer to Appendix for the coefficient matrices. Now that
combining (4) and (5) obtains the state-space model for
closed-loop voltage control in the microgrid, yielding:
ẋv = (Av + BvDKv) xv + BvCKvξv
+BvRKvrv + (BvEKv + Ev) dv
ξ̇v = BKvxv + AKvξv − BKvrv
yv = Cvxv
(6)
Accordingly, the Jacobian matrix for the voltage control
system is:
Jv =
[
Av + BvDKv BvCKv
BKv AKv
]
(7)
Current dynamics model in αβ-coordination for the real
microgrid plant can be formalized as:
Lf
diiα
dt
= −Rf iiα + v
t
α − v
i
α
Lf
diiβ
dt
= −Rf iiβ + v
t
β − v
i
β
(8)
where the voltage and current signals are denoted in Fig. 1.
Let us denote xc = [iiαi
i
β ]
T as the current state variables,
uc = [vtαv
t
β ]
T as the input from the current controller, dc =
[viαv
i
β ]
T as the disturbance, and yc = [iiαi
i
β ]
T as the output.
The open-loop state-space model for the microgrid plant as
for current is: {
ẋc = Acxc + Bcuc + Ecdc
yc = Ccxc
(9)
The coefficient matrices are defined in Appendix.
Adopt PR controller for current control in αβ-frame, which
has the equivalence of PI controller in dq-frame in achieving
zero steady-state error, such that in s-domain,
Gαβ
i
(s)=
[
cos(ωt) − sin(ωt)
sin(ωt) cos(ωt)
] [
GPI (s)
GPI (s)
]
, (10)
where GPI (s) is in a general form of PI controller, that is:
GPI (s) = kαβp +
kαβi
s
. (11)
Substitute (11) into (10) and then follow Euler’s formula,
yielding:
Gαβ
i
(s)=
1
2
[
Gp
PI
(s)+ Gn
PI
(s) jGp
PI
(s)− jGn
PI
(s)
−jGp
PI
(s)+ jGn
PI
(s) Gp
PI
(s)+ Gn
PI
(s)
]
(12)
where,
Gp
PI
(s) = GPI (s)ejωt = GPI (s+ jω) = kαβp +
kαβi
s+ jω
, (13a)
Gn
PI
(s) = GPI (s)e−jωt=GPI (s− jω)=kαβp +
kαβi
s− jω
. (13b)
According to (12), the transfer function matrix for the current
controller is derived as:
Gαβ
i
(s) =
 k
αβ
p +
kαβi s
s2 + ω2
−
kαβi ω
s2 + ω2
kαβi ω
s2 + ω2
kαβp +
kαβi s
s2 + ω2
 (14)
Converting (14) into time-domain and considering its
implementation in the real plant as of (8) obtain:
vtα = k
α
p ieα+k
α
i
(
cos(ωt)ieα − sin(ωt)ieβ
)︸ ︷︷ ︸
ξαc
−Rf iiα+v
i
α (15a)
vtβ = k
β
p ieβ+k
β
i
(
cos(ωt)ieβ + sin(ωt)ieα
)︸ ︷︷ ︸
ξ
β
c
+Rf iiβ+v
i
β (15b)
where ieα and ieβ are the current control errors, written as:
ieα = iiα − i
∗
α ieβ = i
i
β − i
∗
β . (16)
Note that for control errors on α-axis and β-axis, respectively,
we have, 〈
Eieα, Eieβ
〉
= 0. (17)
Incorporating (15a) and (15b), the state-space model for the
current controller dynamics can be derived:{
ξ̇c = AKcξc + BKcxc − BKcrc
uc = CKcξc + DKcxc + RKcrc + EKcdc,
(18)
where ξc = [ξdc ξ
q
c ]T is the state variable vector, and rc =
[i∗αi
∗
β ]
T is the reference input to the control model, the coef-
ficient matrices are shown in Appendix. Similar to voltage
Jacobian matrix, the current Jacobian matrix is:
Jc =
[
Ac + BcDKc BcCKc
BKc AKc
]
(19)
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FIGURE 2. Block diagram of the comprehensive control algorithm.
The conclusive schematic for the cascaded voltage and
current control synthesis is depicted in Fig. 2, which we
would discuss in three parts, i.e. outer voltage loop, inner
current loop and plant effects. The inverse Park Transforma-
tion is carried out for current reference signals, resulting in
voltage control and current control under different reference
frames. The consequence of this also involves inserting a
block into the overall diagram, highlighting in Fig. 2 with
dashed line. The principal motivation of implementing this
is driven by application in controlling the microgrid dur-
ing state transitions, in which period frequency is likely
to witness large deviations compared to nominal frequency
(e.g. 50Hz in Australia). Under this circumstance, we shall
rigorously analyze the following hypotheses: A. Suppose
voltage and current control are in dq-frame with PI con-
trollers. B. Suppose voltage and current control in αβ-frame
with PR controllers. C. The strategy proposed in this section.
For simplicity, we assume a three-phase balanced system that
can therefore be equivalent to a single-phase system.
Consider inner current loop combined with plant dynamics
first. The input/output transfer function of this aggregation
can be developed as:
Hcp(s) =
Gi(s)KPWM (s)
Cf Lf s2 +
(
Rf + Gi(s)KPWM (s)
)
Cf s+ 1
. (20)
where, KPWM (s) is the gain provided by PWM, and Gi(s)
could be either PI controller as in hypothesis A or PR con-
troller as in hypothesis B and C. Next, the outer voltage
loop is included to consider the overall input/output transfer
function. If there is only a single reference frame, i.e. for
hypothesis A and B, the transfer function is:
Habtr (s) =
vidq
v∗dq
=
Gv(s)Hcp(s)
1+ Gv(s)Hcp(s)
. (21)
Considering using a reference frequency ω0 to facilitate the
inverse Park Transformation, the transfer function for the
proposed strategy can be constructed as:
H ctr (s) =
vidq
v∗dq
=
Gv(s)Hcp(s)
1+ Gv(s)Hcp(s)
ej(ω0−ω)t . (22)
From the controller perspective, PI control in the dq-reference
frame has been proved to be equivalent to PR control in the
αβ-reference frame if they are implemented appropriately
and controller parameters are identical [22]. Compared (22)
to (21), control topology C has an additional pole regarding
frequency deviations, which increases the system type by
one that ultimately improves steady-state error. As a result,
it should be addressed that this topology design provides
superiority particularly for the microgrid that is required to
transit from grid-attached state to islanded state and vice
versa.
B. REFERENCE GENERATION
The robust reference generation algorithm, including voltage
magnitude and phase, is introduced in this part, which accom-
modates the single structure of the control strategy and avoids
switching of reference sets upon microgrid state transition.
Voltage magnitude reference basically comprises of Q-V
droop and voltage restoration, formulating as:
V ∗i = V0 − ni(Qi − Q0)+1vr , (23)
where V ∗i is the voltage magnitude reference for the i-th DG,
V0, Q0 are the nominal voltage and reactive power specified
by the generator manufacturer, ni is the droop coefficient
depending on the generator’s reactive power capability, Qi is
the measured output reactive power, and 1vr represents
the voltage correction term given by the voltage restoration
control:
1vr = (krp + k
r
i
/
s)︸ ︷︷ ︸
Gr (s)
(Vi − V0), (24)
where Vi represents is the measured voltage magnitude at the
point of capacitor bank.
Additionally, phase reference is produced by the combina-
tion of P-f droop and phase deviation mitigation, given as:
φ∗i =
∫ 2π
0
(ω0 − mi(Pi − P0)+1ω)dτ, (25)
where φ∗i is the phase reference for the i-th DG, ω0 and P0
are the nominal frequency and active power rating for the
generator operation, mi is the droop coefficient depending on
the frequency regulation capability, Pi is the measured output
active power, and1ω is controlled by phase synchronization
algorithm given by:
1ω = (kθp + k
θ
i
/
s)︸ ︷︷ ︸
Gθ (s)
(θg − θi), (26)
where θg is the grid phase derived from phase locked
loop (PLL), and θi is the measured phase at the inverter
terminal. This phase synchronization algorithm is based on
VOLUME 8, 2020 142163
Y. Li et al.: Autonomous Control Strategy for Microgrid Operating Modes Smooth Transition
a standard PLL to extract the grid phase, with a phase correc-
tion term integrated to gradually compensate the phase devi-
ation, especially during microgrid reconnecting to the main
grid. Failure to achieve synchronization results in circulating
current among the inverters, and in the worst-case triggers
resonant oscillations [23], [24].
Coordinating parallelly aligned-DGs, droop coefficients
are chosen in order to proportionally dispatch active power
and reactive power, so that:
m1P10 = · · · = miP
i
0 = · · · = msP
s
0
n1Q10 = · · · = niQ
i
0 = · · · = nsQ
s
0, (27)
III. PARAMETER TUNING
This section firstly investigates on the closed-loop response
of the overall control strategy. Then an objective function
is constructed, reflecting the relationship between microgrid
transition performance and controller parameters. Further,
optimization algorithm is implemented to tune the corre-
sponding parameters.
A. COMPREHENSIVE CONTROL MODELLING
Fig. 1 depicts the block diagram of the comprehensive control
adopted in this paper. Recall transfer functions shown in (14),
(20) and (23)-(26), also clarify transfermatrices that represent
the proposed control strategy:
Gdqv (s) =
[
kdp + k
d
i
/
s
kqp + k
q
i
/
s
]
(28)
Hαβcp (s) =
Gαβi (s)KPWM (s)
Cf Lf s2Im +
(
Rf Im + G
αβ
i (s)KPWM (s)
)
Cf s+ Im
(29)
where, Im is the unitary diagonal matrix of two dimensions.
Accordingly, the overall output transfer function yields:
vidq =
[
vid
viq
]
=
Gdqv (s)H
αβ
cp (s+ jω0)eJGθ (s)(θg−θi)
/
s
Im + Gdqv (s)H
αβ
cp (s+ jω0)
·
(
(1− Gr (s))
[
V0 cosφ0
V0 sinφ0
]
+Gr (s)
[
Vi cosφ0
Vi sinφ0
])
, (30)
where we denote,
J =
[
0 −1
1 0
]
. (31)
B. PARAMETER TUNING ALGORITHM
An optimization algorithm that interfaces with the elec-
tromagnetic simulation is introduced to tune controller
parameters and LC filter values towards minimum voltage
deviation. Recall the parameters are associated transfer matri-
ces, the variables and constants are to be reversed, which
means:
Gdqv (s)→ G
dq
v (k
d
p , k
d
i , k
q
p , k
q
i ) (32a)
Gαβi (s)→ G
αβ
i (k
αβ
p , k
αβ
i ) (32b)
Gr (s)→ Gr (krp , k
r
i ) (32c)
Gθ (s)→ Gθ (kθp , k
θ
i ) (32d)
Hαβcp (s)→ H
αβ
cp (Lf ,Cf ) (32e)
The objective function as in (33) is formulated based on
integral square error over the period of microgrid state tran-
sitions, which assesses and minimizes the voltage deviations
in a compressed Euclidean form.
min
Kp,Ki,f ∈R
n∑
i=1
1
s
(∥∥∥vidq∥∥∥2 − ∥∥∥vdq0 ∥∥∥2)2 (33)
s.t. ∀Kp ≥ 0 (34a)
∀ Ki ≥ 0 (34b)
∀ f > 0 (34c)
where vdq0 = [V0cosφ0 V0sinφ0]
T , Kp = {kdp , k
q
p , k
αβ
p ,
krp , k
θ
p }, Ki = {k
d
i , k
q
i , k
αβ
i , k
r
i , k
θ
i }, and f = {Lf , Cf }.
Consequently, the objective function (33) is a function of
controller parameters.
FIGURE 3. Flow diagram of parameter tuning algorithm.
The objective (33) is a function with significantly high
nonlinearities and high-order derivatives. Nonlinear-Simplex
algorithm is a geophysical evolution in a multi-dimensional
space for multi-objective optimization to converge to the
feasible solutions [25]. This optimization methodology has
a fast converging speed as the worst case of vertex will
be replaced by the centroid of the rest vertices, with
the searching area being expanded or contracted. Also,
nonlinear-Simplex algorithm is a type of optimization free
of derivatives, which provides computational opportunities
to interface electromagnetic transient (EMT) simulations
with optimization algorithm [26]. Hence, the nonlinear-
Simplex method is utilized in this paper to solve the problem
(33)-(34). Fig. 3 clarifies simulation-interfaced optimization
process for the parameter tuning algorithm.
142164 VOLUME 8, 2020
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Furthermore, the procedure of the parameter tuning algo-
rithm is outlined as follows:
Step 1 (Initialization): Enter a set of initial controller
parameters and LC filter values that are compliant with the
constraints in (34a), (34b) and (34c).
Step 2 (EMT-Simulations): Simulate microgrid with a
chain of events, i.e. black start with the grid connected, then
disconnect the grid to island the microgrid, and also recon-
nect.
Step 3 (Parameter Optimization): Assess the microgrid
performance during the simulations by collecting voltage data
from step 2 and calculating the objective function as (33).
If that does not satisfy the pre-set tolerance, search for another
set of variables that are within the ranges of (34a), (34b)
and (34c), and exit the process until the tolerance is satisfied.
IV. ROBUSTNESS ANALYSIS
The robust stability of the proposed control system shall be
evaluated in three aspects in this section.
A. VOLTAGE CONTROL SYSTEM
Reference tracking performance and system performance of
the voltage control system are analyzed, with the voltage
reference and load uncertainties as the major disturbances
that lead to voltage dynamic disturbances. This is mainly
focused on the microgrid islanding operation.
For the reference tracking in the cascaded voltage-current
control system, define the tracking error as the performance
output and the reference input as the disturbance. The transfer
function from the voltage reference to the tracking error is
obtained as in the following:
Sve(s) =
1
1+ Gv(s)Hcp(s)
, (35)
where Gv(s) is the voltage controller and Hcp(s) is the
input/output transfer function of the inner current loop com-
bined with the plant dynamics. Then we discuss the boundary
of the disturbance (voltage reference), which is the drift-
ing from the nominal voltage as a result of droop control.
Estimate the upper bound of the frequency characteristic of
the disturbance for voltage reference and denote as Wvt (s).
This transfer function is chosen such that: 1) the peak of the
frequency response is at 50Hz; 2) it can accommodate the fre-
quency deviations and provide sufficient bandwidth to cover
the response of droop controller. Therefore, the following
form is utilized forWvt (s) to justify robustness of the closed-
loop control system regarding reference tracking:
Wvt (s) =
ω2vt
s2 + 2ςvtωvts+ ω2vt
, (36)
where ωvt is the line frequency, i.e. 2π ·50rad/s, and ςvt is the
damping ratio that can be varied to adjust the resonant peak
and control bandwidth. In this case, we select the damping
ratio ςvt = 0.4.
FIGURE 4. Frequency characteristics of corresponding transfer functions.
Considering (35) and (36), the robust stability with respect
to reference disturbance can be assured if:
‖SveWvt‖∞ < 1. (37)
According to the controller parameters acquired from the
optimization algorithm, Fig. 4(a) presents the frequency
response of sensitivity function Sve(s) and its corresponding
weighting functionWvt (s).
In addition, system uncertainties, specifically uncertainties
in filter parameter, Lf and Cf , are analyzed as the major
disturbance that potentially leads to voltage dynamic uncer-
tainty. According to the controller topology, the plant set
is modelled with multiplicative uncertainty to incorporate
parameter uncertainty, so that:
H̃cp(s) = (1+1Wvd )Hcp ‖1‖∞ ≤ 1, (38)
where 1(s) is the normalized uncertainty, and Wvd (s) is the
weighting function that bounds the uncertainty set. In terms
of (38), it can be derived thatWvd (s) needs to satisfy:
|Wvd (s)| ≥
∣∣∣∣∣ H̃cpHcp − 1
∣∣∣∣∣ . (39)
Considering the system parameters Lf and Cf of ±20% vari-
ations around the values obtained from the parameter tuning
algorithm, magnitude of RHS (right-hand side) transfer func-
tion can be illustrated in bode plot in Fig. 4(b). Accordingly,
Wvd (s) is chosen such that its magnitude is larger than the
clustering uncertainty curves at any frequencies, denoted as:
Wvd (s) =
7(0.64s+ 1)
200(0.0015s+ 1)
. (40)
Then, we conduct an equivalent transformation of closed-
loop system with uncertainty to separate the uncertainty 1
from the complementary plant, denoting as Mv(s), and apply
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the small-gain theorem to ensure the robust stability of the
system with respect to load uncertainties:
‖Mv(s)‖∞ =
∥∥∥∥WvdGvHcp1+ GvHcp
∥∥∥∥
∞
< 1. (41)
Fig. 4(b) exhibits the frequency response of the complemen-
tary sensitivity function Tve(s), i.e.:
Tve(s) =
Gv(s)Hcp(s)
1+ Gv(s)Hcp(s)
. (42)
B. CURRENT CONTROL SYSTEM
This section mainly investigates robustness of current con-
trol during grid-attached operation. The current closed-loop
system consists of the current controller, LC filter and line
impedances, interpreting the block diagram as in Fig. 2.
To evaluate the reference tracking performance, current
tracking error and the reference input are treated as the per-
formance output and input, respectively. Hence, the transfer
function can be obtained as:
Sc(s) =
1
1+ Gi(s)KPWM (s)Hfg(s)
, (43)
where Sc(s) is denoted as the sensitivity function of the sys-
tem, and Hfg(s) consists of plant effects from LC filter, and
connecting line impedances, formulated as:
Hfg(s) =
LcCf s2 + RcCf s+ 1
(Lf s+ Rf )
(
LcCf s2 + RcCf s+ 1
)
+ Lcs+ Rc
.
(44)
Additionally, the weighting function Wct (s) is selected to
shape the frequency response characteristics of the transfer
function Sc(s), ensuring high gain at the line frequency and
low gain at the harmonics, so chosen as:
Wct (s) =
ω2ct
s2 + 2ςctωcts+ ω2ct
, (45)
where ωct is the line frequency, and ςct is the damping ratio
that can provide the freedom to adjust the resonant peak and
the bandwidth. Given the controller parameters and system
conditions, line frequency ωct is 2π ·50rad/s, ςvt has been
selected as 0.4.
For the robust performance with respect to system param-
eter variations (e.g. Lc, and Rc), we model the plant set with
multiplicative uncertainties [27], such that:
H̃fg(s) = (1+1Wcd )Hfg ‖1‖∞ ≤ 1, (46)
where 1(s) is the normalized disturbance, and Wcd (s) is the
weighting function that is reformulated to reflect the upper
bound of the disturbance:
|Wcd (s)| ≥
∣∣∣∣∣ H̃fg − HfgHfg
∣∣∣∣∣ . (47)
As depicted in Fig. 4(c), the magnitude of the selected
weighting function is larger than the clustering curves of
RHS of (47) with ±20% of system parameter perturbations.
The transfer function of the weighting function can be
expressed as:
Wcd (s) =
0.598
2× 10−7s2 + 10−3s+ 1
. (48)
The following mixed-sensitivity criterion is adopted to
comprehensively assess the robust stability of the system:∥∥∥∥ WctScWcdTc
∥∥∥∥
∞
< 1, (49)
where Tc(s) is the complementary sensitivity of the system
that satisfies:
Tc(s) = 1− Sc(s) =
Gi(s)KPWM (s)Hfg(s)
1+ Gi(s)KPWM (s)Hfg(s)
. (50)
C. STRUCTURAL ROBUSTNESS
The proposed microgrid control strategy has the cascaded
topology that enables microgrid grid-connected operation
and islanded operation within a single control structure,
which thus eliminates the switching disturbances during
mode transfer. Hence, the control strategy is of remarkable
structural robustness.
V. RESULTS AND ANALYSIS
The simulations validate the proposed control strategy in
three aspects: 1) smooth and seamless transitions between
grid-connected state and islanded state; 2) equal power shar-
ing among DGs; 3) minimum voltage deviation and harmonic
distortion in voltage and current. A microgrid displayed
in Fig. 5 has been built up in PSCAD/EMTDC and RTDS,
which electrically consists of three parallelly aligned DG
units that are modelled as ideal dc voltage sources, two
constant active and reactive power loads, and the main grid.
This section would demonstrate simulations with a chain of
microgrid events. System details are listed in Table 1.
TABLE 1. System details and controller parameters.
Also, the proposed control scheme with optimal parame-
ters (hereafter ‘‘Proposed Control’’) is compared to the exist-
ing control strategy as in [5]–[8] (hereafter ‘‘Conventional
Control’’) and the proposed control scheme with initialized
parameters (hereafter ‘‘Initialized Parameters’’). The conven-
tional control strategy generally has voltage control mode
for microgrid islanded operation and current control mode
for grid-attached operation, and controller shall switch the
mode when microgrid state transits correspondingly. Details
about the most existing control strategies are provided in the
Appendix.
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FIGURE 5. Topology of the studied microgrid system.
The following contents are mainly of two aspects:
1) The process and outcome for the proposed parameter
tuning algorithm: Part A;
2) Comparative simulations towards microgrid operating
mode transition from grid-tied operation to stand-alone oper-
ation, and vice versa: Part B, Part C and Part D;
TABLE 2. Initialization and optimization values for controller parameters.
A. OPTIMIZATION PROCESS FOR TUNING ALGORITHM
The initialized and the optimized results for controller param-
eters and LC filter values have been listed in Table 2. The
optimization algorithm halts at its 119th run, with objective
function converging to 0.0092. As indicated in Fig. 6-8 that
illustrate microgrid performances in details, the optimal con-
troller parameters from the proposed tuning algorithm can
give rise to superior microgrid performances subject to state
transitions, with the steady state operation also assured.
In terms of coefficient matrix Jv and Jc, eigenvalues for
voltage and current closed-loop system can be provided
as: −11443000, −612630, −0.3392 and −7.1573 for volt-
age control system,−6906.4,−0.35781±314.18i for current
control system. All of them are located at left-pane of imag-
inary axis, which theoretically validates the stability of the
FIGURE 6. Microgrid performances in transition from grid-connected
state to islanded state. (a) PCC voltage. (b) DG current.
control scheme. Furthermore, voltage and current robustness
indicators as in (37), (41) and (49) hold.
B. ISLANDING EVENT
The simulation is initialised with the main grid connected,
The utility grid is disconnected to the microgrid at t = 0.5s,
after which microgrid would be displaced with islanded state.
As shown in Fig. 6(a), PCC voltage magnitudes con-
trolled by all methodologies could track that of the utility
grid accurately, with full compensation for loads. However,
when islanding is triggered, voltage magnitude and phase
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FIGURE 7. Microgrid performances for reconnection from islanded state
to grid-connected state. (a) PCC voltage. (b) DG current.
FIGURE 8. Active and reactive power sharing among DGs.
behave differently under different control schemes. Under
the proposed control strategy with optimized parameters,
the voltage magnitude of microgrid would be violated away
from 0.23kV to 0.246kV, and it will quickly restore to the
nominal voltage magnitude. Nonetheless, the microgrid PCC
voltage controlled by the conventional control strategy has a
phase mismatch in stand-alone operation, and a dramatical
magnitude drop is observed respect to the proposed control
strategy with initialized parameters.
According to the Fig. 6(b), DG output current in the pro-
posed control strategy is capable of smoothly adjusting output
current to fully compensate the local loads. While for the
conventional control strategy, it has large current distortion in
grid-connected states and phase jump upon state transitions.
For the initialized parameters, an undesirable phase transient
is encountered at the instant of the islanding event.
C. RECONNECTION EVENT
The microgrid is set to be reconnected to the utility grid at
t = 1s. The voltage and current performances during the
reconnection event are given in Fig. 7(a) and Fig. 7(b), respec-
tively. The proposed control strategy can remain voltagemag-
nitude at 0.23kV after reconnection, which is a key indicator
that microgrid succeeds in reconnecting to the utility grid.
In addition, PCC voltage phase can be rapidly synchronized
with that of the utility grid. Comparably, PCC voltage magni-
tude with initialized parameters decreases to 0.15kV during
islanded states. Moreover, the PCC voltage under the con-
ventional control strategy has phase difference, which results
in large disturbances during reconnection process and needs
longer time to settle down.
As for DG output current shown in Fig. 7(b), the conven-
tional control strategy fails to seamlessly respond to state
transitions, since it witnessed an inrush current with severe
harmonic distortion. For the proposed control strategy with
optimized controller parameters, DG output current has a
satisfied response with small harmonic distortion and phase
synchronization.
D. COMPREHENSIVE ASSESSMENT OF MICROGRID
In terms of RMS voltage deviations and frequency fluctua-
tion, an index is proposed to justify the seamless transition of
the microgrid operation:
fst =
1Vrms
Vrms,nom
+
1f
fnom
+ THD (51)
where,1Vrms and1f represent maximum PCCRMS voltage
deviations and frequency fluctuation during microgrid state
transition event.Vrms,nom and fnom are nominal RMS line volt-
age and frequency, respectively, and voltage THD is extracted
for the whole period of state transition. The state transition
characteristics under the three control strategies are displayed
as in Table 3 and Table 4.
TABLE 3. Assessment for islanding event.
As indicated from Table 3 and 4, the proposed control
strategy has achieved smooth state transitions for microgrid.
Even though it is marginally better than the conventional con-
trol for islanding, the salient merit is found during microgrid
reconnection to the grid. Fig. 8 illustrates real and reactive
power sharing of the microgrid system in the entire chain of
events. Each load has the request of 0.3MW active power
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TABLE 4. Assessment for reconnection event.
and 0.3MVar reactive power, respectively. During the grid-
connected state, the utility grid and DGs simultaneously
provide power for the local load, with the stiff utility grid
absorbing abundant portions. DGs can equally share active
power and reactive power as per regulated of their identical
capabilities. When it is lack of support from the mains as
in stand-alone operation, each DG contributes 0.2MW and
0.2MVar to themicrogrid, which could exactly feed two loads
each with 0.3MW active power and 0.3MVar reactive power.
VI. REAL-TIME VALIDATION
To validate that the proposed control strategy is also com-
patible with practical applications, the microgrid is modelled
in RTDS. Fig. 9 illustrates the microgrid performances in
aspects of PCC voltage, DG output current and power shar-
ing. Overall, the results from RTDS have substantial simi-
larities to the simulation results. However, as control delays
and nonideal devices coexist in the microgrid operation, PCC
voltage will take longer time to achieve the steady state, and
power dissipation slightly defers from simulation results.
More specifically, PCC voltage drops from 0.23kV to
0.2kV when islanding event happens. Nevertheless, it will
eventually restore to the nominal rating as indicated
in Fig. 9(c). Compared to seamless phase shift upon recon-
nection as in Fig. 7(a), PCC voltage will experience a phase
shift to synchronize to the utility grid. It is due to control
delays in real application system. Another difference is that
the utility grid barely contributes to the active power sharing.
This phenomenon is due to that circuit components, such as
breakers, also consume active power, which has been more
accurately reflected in RTDS modelling and implementation.
However, from system coordination perspective, the local
load demand can be compensated in microgrid operation,
and power is equally shared among DGs. Thus, active power
sharing is acceptable to be different from simulations.
VII. DISCUSSIONS
In this section, the assumptions involved in the case studies,
limitations of the proposed control strategy and further work
are to be discussed.
Assumption 1: The dc link voltage is considered stiff in
the study. An autonomous control strategy for microgrid
operating modes smooth transition has been proposed in this
paper, which is dedicated on grid side inverter control design.
Consequently, the renewable energy sourced distributed gen-
erators are modelled as ideal dc voltage sources in the studies.
As shown in Fig. 10, PV modules, interconnecting to
battery storage system, are connected to the grid with dc/dc
FIGURE 9. Microgrid performances in RTDS. (a) PCC voltage and DG
output current during islanding event. (b) Active and reactive power
during islanding event. (c) PCC voltage and DG output current during
reconnection. (d) Active and reactive power during reconnection event.
inverters and dc/ac inverters in the most current renew-
able connections [28], [29]. For the dc/dc converter control,
it is anticipated to achieve the maximum power point track-
ing (MPPT) and also regulate the output to a pre-defined
value. Control techniques to coordinate PV arrays and bat-
teries have been widely investigated and well established in
VOLUME 8, 2020 142169
Y. Li et al.: Autonomous Control Strategy for Microgrid Operating Modes Smooth Transition
FIGURE 10. An illustration of typical microgrid system layout.
the existing literature, e.g. [30], [31], to minimize the impacts
of DG dynamics on the microgrid operation and maintain the
dc-bus voltage with less oscillations and overshoots under
fluctuating power generation. For the application to integrate
wind sources, type-4 wind turbines are connected to the grid
with rotor side converter (RSC) and grid side inverter (GSI),
from which standard RSC can stabilize dc side voltage [32].
Hence, with appropriate dc-link voltage control, it is rea-
sonable to assume that the dynamic behaviour of DGs is
negligible and microgrid state transition control design can
be narrowed to dc/ac inverters.
Assumption 2: Uninterruptible communication with the
grid is considered in the control strategy. As introduced in
Section II Part C, phase synchronization controller at central-
ized layer mitigates phase deviations for microgrid operation.
This control scheme requires the uninterruptible communica-
tion between the grid and the inverter controller, even under
the circumstance that the grid is electrically isolated from the
inverter.
Limitation: The impacts from control delay and communi-
cation delay are exclusive from the studies. In other words,
delays are nor analytically analysed and accurately modelled
in the simulations. Oscillations in active and reactive power
are the indicators of the drawback due to this limitation.
Future work:Based on the autonomous control strategy for
microgrid operating modes transition proposed in this paper,
future work can be dedicated on considering intermittency
and uncertainty of renewable energy sourced DGs, which is
to address the Assumption 1. Also, the impacts from ancillary
layers in microgrid can be further investigated, for instance,
communication failure and delays. Control delays will be rig-
orously analysed and accurately modelled in the simulations.
Last but not least, experimental test of the proposed control
methodology will be conducted in the future work.
VIII. CONCLUSION
A control strategy for microgrid smooth state transition has
been presented in this paper. It has been designed to achieve:
1) optimal controller parameters and LC filter values based
on voltage deviation; 2) independence of controller conver-
sions towards microgrid state transitions; 3) improvement in
voltage stability and phase synchronization of the microgrid
under states transition. The proposed control strategy is based
on cascaded structure. Furthermore, an objective function is
introduced to search for parameters via nonlinear-Simplex
algorithm. Under the proposed control strategy, a seamless
and robustness state transition could be acquired. Parameter
tuning algorithm would significantly contribute to automa-
tion of the microgrid.
APPENDIX
A. MATRIX IN VOLTAGE STATE-SPACE MODEL
Av =
[
0 ω
−ω 0
]
, Bv =
1
Cf
I2×2,Cv = I2×2,
Ev = −
1
Cf
I2×2, AKv = 02×2, BKv =
[
kdi
kqi
]
,
CKv = I2×2, DKv =
[
kdp ωCf
−ωCf k
q
p
]
, RKv = −I2×2,
EKv = I2×2.
B. MATRIX IN CURRENT STATE-SPACE MODEL
Ac = −
Rf
Lf
I2×2, Bc =
1
Lf
I2×2, Cv = I2×2,
Ec = −
1
Lf
I2×2, AKc =
[
0 −ω
ω 0
]
, BKc = I2×2,
CKc =
[
kαi
kβi
]
, DKc =
[
kαp − Rf
kβp + Rf
]
,
RKc = −
[
kαp
kβp
]
,
EKc = I2×2, kαp = k
β
p = k
αβ
p , k
α
i = k
β
i = k
αβ
i .
C. CONTROLLER PARAMETERS
Most of the existing control approaches [5]–[8] implements
the microgrid state transition by switching from CC-VSIs to
VC-VSIs, and vice versa. For the comparative simulations
in Section IV, the identical microgrid system and DGs are
adopted. Moreover, the controllers and corresponding param-
eters are given as follows. LCfilter: Lf = 0.26mH,Cf = 6µF.
Voltage PI controller on d-axis: kp = 68.6606, ki = 23.31.
Voltage PI controller on q-axis: kp = 68.6606, ki = 23.31.
Current PI controller on d-axis: kp = 10.69, ki = 0.008.
Current PI controller on q-axis: kp = 10.69, ki = 0.008.
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